• Visual landmarks affect stimulus localization across eye movements
Introduction
When locating objects in our environment we often have access to spatial information from multiple senses. However, because different modalities are encoded by different sensory bodies, each sensory input is encoded within a distinct reference frame. While visual information is encoded relative to the location of our gaze, auditory information is encoded relative to the orientation of our head (King, 2009 ). Integrating information from the same spatial location in these different sensory modalities is essential to our ability to identify and respond to multisensory objects. However, this integration requires that different sensory inputs can be precisely spatially aligned. As we can move our head, eyes and body position independently, this presents a considerable challenge. Indeed, every eye-movement causes substantial shifts of visual input projections on the retina but leave auditory input unchanged. For example, when making a large saccade-usually accompanied by a small head movement-accurate localization after the saccade requires that we know how far the head and the eyes have moved both relative to each other and to the external world (Lee and Groh, 2012) . How does our brain maintain such a stable multi-sensory percept across saccades?
Internal signals estimating the extent of our movement provide one critical source of information.
Experimental evidence has shown that efference copy, a copy of the motor command signaling an upcoming movement, is sent to perceptual areas (Wurtz, 2008) and plays an important role by signaling the anticipated magnitude of an upcoming saccade (Collins, 2010; Sommer and Wurtz, 2002) . This pre-saccadic estimate of the saccade alter visual receptive fields (Duhamel et al., 1992) and is believed to be involved in our impression of a stable world across saccades (Cavanagh et al., 2010; Hall and Colby, 2011; Rolfs and Szinte, 2016) . However, the necessity of an active prediction in generating perceptual stability remains controversial (Higgins and Rayner, 2015) amid suggestions that stability may simply be the default state of the perceptual system unless there is (considerable) evidence to the contrary. After the saccade, additional proprioceptive feedback from the eye muscles is available, which may provide an additional cue to the saccade magnitude (Poletti et al., 2013; Wurtz, 2008) . However, studies have suggested its involvement in maintaining stable spatial percepts is limited, arguably due to their imprecision, and likely only situational (Higgins and Rayner, 2015; Wang et al., 2007) . While these different extra-retinal signals are noisy (Collins et al., 2009) , even in the absence of other cues they appear to be sufficient to enable a visual objects seen before the saccade to be accurately localized afterward (Collins et al., 2009; Deubel et al., 1998) . This requires that remembered spatial information about the pre-saccadic stimulus is updated accurately by the estimated saccade vector (Aagten-Murphy and Bays, 2018; Collins et al., 2009) .
Additionally, comparing the remembered location of visual objects before a saccade to their location after may also be used to estimate how far the eyes previously moved. Indeed, if the saccade target remains visible after the movement, the accuracy of the saccade can be inferred from the proximity of the target to the fovea (Cassanello et al., 2016; Collins and Wallman, 2012) . This influence is most apparent when -rather than remaining stationary throughout the movement -the saccade target is covertly displaced mid saccade. Not only is this displacement not perceived by participants, but the post-saccadic information about the saccade targets appears to dominate internal signals, resulting in secondary, corrective movements and localization estimates being also shifted (Bridgeman et al., 1975; Deubel et al., 1996; Li and Matin, 1990; McConkie and Currie, 1996; Niemeier et al., 2003) . Under these circumstances, the saccade target appears as a single object remaining stationary in the external world -even though its location after the saccade is considerably changed. In turn, discrepancy with the internal estimates is attributed to error in those estimates, with consistent correction leading to saccadic adaptation (Aagten-Murphy and Bays, 2018; Collins and Wallman, 2012; Lappe et al., 2000; Zimmermann and Lappe, 2010) . As objects in the real world are unlikely to suddenly move during a saccade (Deubel et al., 1998 ), the perceptual system weights this visual information highly. The spatial range in which individuals perceive the visual object as remaining stable, and in which displacements of the target will go unnoticed, thus represents the range in which visual information not only informs our perceptual system about the extent of movement but also dominates other extra-retinal cues. Interestingly, this range of tolerable displacements is orientated in the direction of the saccade and is roughly equivalent to typical saccadic variability (Wexler and Collins, 2014) . This fits well with recent findings demonstrating a near-optimal integration of retinal and extra-retinal information, depending critically on the reliability of the respective signals (Ostendorf and Dolan, 2015) .Overall it appears that our perceptual system considers the precision of ocular, motor and visual cues, with a high weighting for post-saccadic visual cues when available, to form the best possible estimate of the how far the eye has moved.
Even when other visual objects are not task-irrelevant, their presence may influence this post-saccadic re-orientation process. Indeed, when individuals are required to memorize the location of a briefly presented visual probe seen before an eye-movement in the presence of another visual stimulus (acting as a visual landmark), their localization after the saccade depends on the direction and magnitude that the landmark was displaced (Deubel, 2004; Deubel et al., 2010 Deubel et al., , 1998 . This suggests that the location of the visual landmark after the saccade not only influences estimates of saccade magnitude, but also the remembered location of objects held in spatial memory. Faced with the visual landmark not appearing in the predicted location after the saccade,
the perceptual system appears to weight the visible location of the landmark stronger than its internal estimates of the saccade. This updating not just of currently visible information, but also information held in spatial memory, would help stitch together our experiences from before and after the disruption of the saccade. When dealing with multiple sensory modalities, which can be independently shifted relative to each other, maintaining alignment both within-modalities and across-is critical. How then does the shifting of a visual landmark affect other sensory modalities, such as the localization of an auditory sound? Will auditory localisation estimates also be influenced by the landmark, despite auditory information being encoded within a separate head-centered reference frame?
Or will the modalities remain independent, risking the introduction of misalignment between the senses?
We sought to address this question by investigating the ability of participants to discriminate changes in the spatial position of either auditory or visual stimuli presented across an intervening saccade. By manipulating the location of visual landmarks across eye movements (Deubel, 2004; Deubel et al., 2010 Deubel et al., , 1998 , while asking observers to localize a stimulus presented before the saccade, we could investigate how vision influences auditory localization across saccades. Importantly, as auditory information is encoded relative to the head, there is no reason for shifts in eye-gaze to influence auditory inputs if the head remains still. Thus, regardless of how far the participant moves their eyes and whether post-saccadic visual information affects their estimate of saccade length, the localization of auditory stimuli should remain unaffected. However, as evidence exists that auditory spatial information may also be transformed into eye-centered co-coordinates (Groh et al., 2001; Sparks, 1987, 1984; King et al., 1988; Lee and Groh, 2012; Russo and Bruce, 1994; Stricanne et al., 1996) auditory localization may also be affected by displaced landmarks.
Results
At the start of each trial both the fixation target, an illuminated LED in the center of the display, and the vis landmark, two vertically displaced illuminated LEDs in the periphery, were visible. In the saccade experime participants initiated a saccade to the middle of the visual landmark when the fixation LED was extinguishe During this initial fixation period, an auditory or a visual stimulus (pre-saccadic stimulus) was presented in periphery at one of five pre-saccadic stimulus locations (±9°, ±10.5°, ±12°, ±13.5°, ±15° relative to the cent fixation). In the main experiment, participants were then required to maintain fixation until the fixation LED w extinguished, triggering the saccade. While the eyes were moving, the visual landmark could either rem stationary or be displaced by up to three visual degrees, inward or outward (Figure 1 and Experimen Procedure). Because the displacement of the visual landmark occurred while the eyes were moving, any chang in position went undetected due to saccadic suppression of displacement (Bridgeman et al., 1975) . The seco stimulus (post-saccadic stimulus) was then presented 500 ms after the initiation of the saccade and was alwa the same modality as the first. Finally, participants were required to judge whether this second stimulus h originated from the left or right of the initial pre-saccadic stimulus. The ability to spatially localize auditory a visual stimuli across a saccade was quantified by determining the accuracy (point of subjective equality; PS and precision (just-noticeable-difference; JND) with which discrepancies in the location of the pre-and po saccadic stimuli were discriminated. 
Visual and auditory localization across a saccade with static landmarks.
To examine the influence of the visual landmark on auditory and visual localization we contrasted trials in which the landmark remained stationary with those in which it was displaced during the saccade (Figure 2 ). For the trials in which the visual landmark remained at the same location (Figure 2A ; middle row: "no shift"), visual stimuli were localized across a saccade without bias (mean ± SE; PSE = -0.21 ± 0.11°, t(7) = -1.92; p = 0.1) and with high precision (JND = 0.89 ± 0.07°), with the post-saccadic PSE changing reliably with the pre-saccadic location (SLOPE = 0.93 ± 0.13°; t(7) = 6.94; p < 0.01) and not differing from unity (t(7) = -0.56; p = .60). This indicates participants were able to accurately localize the horizontal location of the different pre-saccadic visual stimuli. Additionally, the precision of their localization judgements did not depend on pre-saccadic stimulus eccentricity (SLOPE = -0.03 ± 0.03; t(10.65) = -1.05; p = 0.32).
In contrast, participants' auditory localization responses exhibited a clear bias in the opposite direction of the saccades (PSE = -3.23 ± 0.35°, t(7) = -9.3; p < 0.01). Planned contrasts revealed that this inwards bias was larger than what was observed for audition during the central (diff = 3.40 ± 0.51°; t(7) = 6.71; p < 0.01) and peripheral fixation task (diff = 2.48 ± 0.31°; t(7) = 7.93; p < 0.01) and was the strongest for more peripheral presaccadic stimulus locations (presented from 9 to 15° from the fixation target: -2.00 ± 0.63°; -2.70 ± 0.47°; -3.00 ± 0.53°; -3.73 ± 0.61°; -4.73 ± 0.72°). While post-saccadic PSE reliably changed with the pre-saccadic location (SLOPE = 0.57 ± 0.11°; t(7) = 4.98; p < 0.01), the slope also significantly deviated from unity (t(7) = -3.77; p < 0.01). This indicates that the range of auditory responses across different pre-saccadic locations was compressed and exhibited a central tendency (i.e. a bias towards the average stimulus location; (Karaminis et al., 2016; Watson, 1957) ).
Our results reveal that pre-saccadic auditory stimuli were on average mislocalized inwards by 26.9 ± 2.9% of the saccade size. This means that a post-saccadic auditory stimulus had to be presented approximately 3° closer to the fixation target ( Figure 2B ) to be perceived as originating from the same location as the pre-saccadic stimulus. As for vision, the precision of auditory responses (JND = 3.05 ± 0.20°) did not depend on the eccentricity of the pre-saccadic stimulus (SLOPE = -0.03 ± 0.05°; t(16.34) = -0.60; p = 0.56). Indeed, planned contrasts demonstrate that the precision of auditory localization across a saccade was not significantly different from either central (diff = 0.41 ± 0.16°; t(7) = 2.61; p = 0.11) or peripheral (diff = -0.05 ± 0.17°; t(7) = -0.29; p = 0.78) fixation. However, as could be expected when comparing across modalities (Alais and Burr, 2004) , auditory responses were overall less precise than visual responses (diff = 2.16 ± 0.20° ; t(7) = 10.83; p < 0.001).
Visual and auditory localization across a saccade with displaced landmarks.
For the trials in which the visual landmark was displaced during the saccade, we found different biases for the different sizes and directions of the visual landmark displacement (Figure 2 and Figure 3A ) for both visual (landmark displaced by -3° to 3° during the saccade: -3.01 ± 0.10°; -1.57 ± 0.09°; -0.21 ± 0.11°; 1.00 ± 0.11°; 2.00 ± 0.20°) and auditory targets (-4.57 ± 0.31°; -3.86 ± 0.28°; -3.23 ± 0.35°; -2.601 ± 0.37°; -2.52 ± 0.53°). These estimates reveal that post-saccadic localization for both sensory modalities exhibited a systematic mislocalization depending on the amount of visual landmark displacement.
To better quantify the localization changes we fit the data with linear mixed models enabling us to separately estimate any biases common to all displacement conditions, how localization estimates changed for different presaccadic stimulus locations, and the effect of displacing the visual landmark. With the increased power of examining all displacement conditions, we found that visual estimates across a saccade were biased slightly (but consistently) inwards (-0.35 ± 0.07°; t(7.72) = -4.89; p = 0.001), while auditory estimates were again found to be considerably biased towards fixation after an intervening saccade (-3.36 ± 0.33°; t(7.00) = -10.03; p < 0.001).
Although localization estimates varied with pre-saccadic location for both modalities (vision: t(7.01) = 9.73; p < 0.001; audition: t(7.00) = 6.35; p < 0.001), there was a considerable compression of the response range for auditory localization (0.51 ± 0.08), while visual localization remained veridical with pre-saccadic location (1.00 ± 0.1).
Critically, both visual and auditory localization were found to depend on the degree of visual landmark displacement. Visual localization shifted by 82.8% ± 3.6% of the displacement of the visual landmark (t(7.32) = 23.05; p < 0.001), and auditory localization shifted by 35.7 ± 5.2% (t(7.10) = 6.870; p < 0.001). This reveals that not only is there a consistent inwards bias in auditory localization across a saccade, but there is an independent, additional shift in localization depending on the post-saccadic location of the visual landmark.
While visual precision (0.91 ± 0.08°) did not change across different pre-saccadic stimulus locations (t(12.88) = 1.63; p = 0.13), it did vary with landmark displacement (t(14.95) = 3.78; p = 0.002) such that JND changed by 6.3 ± 1.7% of the landmark displacement. However, a significant interaction between pre-saccadic stimulus location and landmark displacement (t(36.74 = -4.89; p < 0.001)-and inspection of the data-revealed that this effect was driven by the most extreme pre-saccadic location reaching the edge of the testable range and not by a meaningful effect of landmark displacement on the precision of visual localization.
Importantly, despite considerable changes in auditory localization, the precision of auditory estimates did not change with the degree of landmark displacement. Indeed, auditory JND remained at 3.11 ± 0.17° for all pre-saccadic locations (t(9.91) = -0.07; p = 0.95) and for all displacements (t(9.05) = 0.93; p = 0.38). Thus, the considerable effect of shifting visual landmarks on auditory localization did not appear to increase the uncertainty involved in localization, but instead represented a rigid displacement in position without changes in precision. 
Discussion
We investigated the influence of visual landmarks on the localization of auditory stimuli across saccades. To do so, participants were required to remember the location from which a pre-saccadic visual or auditory stimulus occurred and compare it to the location of a post-saccadic stimulus of the same sensory modality. We systematically manipulated whether the visual landmark was displaced during the saccade, when the movement of the eyes prevented its detection (Bridgeman et al., 1975) . Our results revealed that the memorized location of the pre-saccadic visual stimulus was shifted on average by 79% of the trans-saccadic displacement of the visual landmark. This supports previous work showing the influence of visual landmarks on the localization of other visual stimuli (Deubel, 2004; Deubel et al., 2010 Deubel et al., , 1998 . Critically, we also examined how auditory localization was influenced by a visual landmark. We found that memorized auditory stimuli were shifted on average by 39% of the trans-saccadic visual landmark displacement. Thus, the post-saccadic visual landmark exerted a considerable influence on the localization of remembered stimuli, despite remembering the landmark itself not being required to perform the task. Importantly, though the visual landmark induced substantial shifts in the localization of both modalities, there were no changes in localization precision as a function of the visual landmark displacement. This indicates that the landmark-induced shifts did not arise due to increased spatial uncertainty.
Instead, our results suggest that the displacement of the visual landmark caused the spatial memory for the presaccadic stimulus to undergo a rigid, albeit incomplete, translation in space. This surprising influence of visual landmarks on the localization of auditory stimuli suggests that vision is used to calibrate auditory spatial representations across the saccade.
While spatial visual information is based on the direct projection from an object onto the retina (eye-centered reference frame), spatial auditory information of an object has to be indirectly extracted from the sound spectral cues, timing and intensity differences between the two ears (head-centered reference frame, (Keating and King, 2015; King et al., 2001) ). This means that accurate audiovisual spatial localization relies upon two different reference frames being spatially aligned. The precision of auditory spatial information is typically inferior to visual spatial information, accordingly this calibration has been thought to take place primarily via visual space (King, 2009; Lee and Groh, 2012; Recanzone, 2009; Wozny and Shams, 2011) . Indeed, modulation of auditory space by eye position has been found in multiple cortical and sub-cortical regions in both human and animal studies, including the Frontal Eye Fields (Russo and Bruce, 1994) , the Superior Colliculus (Campos et al., 2006; Hartline et al., 1995; Sparks, 1987, 1984; Opstal et al., 1995; Paré and Munoz, 2001; Peck et al., 1995; Populin et al., 2004; Zella et al., 2001) , the Inferior Colliculus (Groh et al., 2001; Zwiers et al., 2004) , as well as various sites within the intra-parietal cortex (Mullette-Gillman et al., 2009 Schlack et al., 2005; Stricanne et al., 1996) .
Recently, ocular signals related to saccade direction and magnitude have even been found to alter eardrum behavior (Gruters et al., 2018) , suggesting spatial interactions between the senses to occur from even the earliest levels of auditory processing. While it was traditionally thought that sensory information was stored in a singular reference frame (Batista et al., 1999; Cohen and Andersen, 2002) , recent studies provide strong evidence that it is instead stored in parallel within multiple different reference frames (see (Heed et al., 2015) ). However, how spatial information from different sensory modalities comes together to provide us with a singular percept remains an open question.
Our results revealed a modification in auditory localization based on both the eye position (Goossens and Opstal, 1999; Klingenhoefer and Bremmer, 2009; Krüger et al., 2016; Pavani et al., 2008; Vliegen et al., 2004) and the location of visual references. This suggests that not only are auditory targets influenced by the position of the eye but that they are also partially encoded into an eye-centered reference frame. We suggest that it was the modulation of this eye-centered reference frame by the displacement of the visual landmark that induced the systematic shifts in auditory localization observed. Typically, information about the extent of an upcoming saccade (efference copy or corollary discharge; (Bridgeman, 2007; Sommer and Wurtz, 2002) ) is transmitted to retinotopic visual areas to allow the remapping of visual space (Duhamel et al., 1992) . Such a mechanism could then facilitate object correspondence despite drastic changes in the object projection on the retina. This compensation is considered essential in allowing the detection of displacements across saccades (Boon et al., 2016; Bridgeman et al., 1975; Deubel et al., 1996) , integrating visual information pertaining to the same object (Aagten-Murphy and Bays, 2018; Ganmor et al., 2015; Szinte et al., 2016; Wijdenes et al., 2015; Wolf and Schütz, 2015) , and providing perceptual stability (Cavanaugh et al., 2016; Rolfs, 2015; Rolfs and Szinte, 2016) .
Upon landing, the perceptual system has access to motor information about the magnitude of the intended movement, proprioceptive information about the movement executed, and a visual error signal indicating the difference between the actual and predicted post-saccadic visual input (Atsma et al., 2016; Collins et al., 2009; Niemeier et al., 2003; Ostendorf and Dolan, 2015) . By integrating these different signals, the perceptual system can ensure both that our spatial representations remain stable across eye movements and that our eye movements remain accurate.
We propose that the shift of the visual landmark during the saccade induced an error signal upon saccade landing, as the visible location of the landmark after the saccade was not at the predicted location given the intended eye movement. To enable stimuli seen before the saccade to be localized afterwards, their eye-centered representation must then similarly be remapped by the size of the saccade in its opposite direction (Szinte et al., 2018) .
This means that the perceptual system will anticipate that the visual landmark (here also the saccade target) would, after the correctly executed eye movement, be subsequently located at the fovea. However, when the visual landmark is displaced during the saccade, although the efference copy would signal that the eyes had correctly moved, the post-saccadic retinal input would be inconsistent with this action. This creates a conflict between different sensory cues coding for the magnitude of the saccade, with the discrepancy consistent with either a shift in the location of the visual landmark, or with an unexpected error in the execution of the movement.
Due to the strong assumption of visual stability (Atsma et al., 2016; Deubel et al., 1998; Niemeier et al., 2003) , related to the unlikelihood of an otherwise stationary visual landmark suddenly and abruptly changing position precisely during the saccade, the majority of this error should be attributed to an inaccuracy in the movement.
Therefore, to ensure that spatial representations will be correctly aligned to the external world, sensory representations must be further shifted by the same magnitude as the visual landmark displacement to account for the (seemingly) inaccurate initial estimate of the saccade magnitude. The result of this is that the remembered location of visual targets presented before the saccade will also be shifted, based on the degree of displacement of the visual landmark.
However, for a similar process to influence auditory localization, this would require that auditory information was also encoded within an eye-centered reference frame. While it is important to note that the landmark effects for auditory stimuli were substantially smaller than for visual stimuli, the reduced effect could be consistent with participants' final localization responses for auditory stimuli representing the integration of shifted eye-centered auditory information and residual, unchanged head-centered auditory information.
This interpretation of the influence of a visual landmark is consistent with other studies in which the accuracy of eye or hand movements towards remembered visual targets was found to be affected by the presence of a displaced landmark (Byrne and Crawford, 2010; Camors et al., 2015; Deubel, 2004; Fiehler et al., 2014; Li et al., 2017; Schütz et al., 2013) . Indeed, supporting the idea that a strong assumption for visual stability acts as a prior for landmark stability, studies in which the reliability of the visual landmark was explicitly reduced (by jittering its spatial location) demonstrated that participants' localization responses became noticeably less reliant on the landmark's location (Byrne and Crawford, 2010) . Similarly, studies of saccadic suppression of displacement have shown that when the displacement of the saccade target is too large (such that such a large eye error is highly unlikely) the assumption that changes are due to errors in the eye movement is broken (Atsma et al., 2016) .
However, the generalization of these effects to the auditory modality is remarkable and underlines the importance of visual landmarks in also maintaining alignment between the senses across movements.
It is important to distinguish these landmark shifts from other spatial effects such as audiovisual capture and peri-saccadic mislocalization. In audiovisual capture, the onset of a visual stimulus causes a simultaneously presented auditory stimulus to be perceived as originating from the visual location (Alais and Burr, 2004) . If the visual landmark in our experiment had captured the auditory stimulus, then localization responses would converge towards it. Instead, for each of the different landmark displacements, auditory localization responses were shifted consistently in the same direction. Additionally, to reduce the likelihood of audiovisual capture, the onset of the pre-and post-saccadic visual landmark were separated by at least 450 ms from the appearance of the auditory stimuli. This exceeded the typical range in which capture effects are observed (Lewald and Guski, 2003) . In the peri-saccadic mislocalization of sounds (Klingenhoefer and Bremmer, 2009 ), a 5 ms auditory stimulus occurring in the temporal vicinity of the saccade was perceived as shifted. However, when stimuli occurred more than 200 ms before or after the saccade no shift was observed. As our auditory stimuli were also played more than 450 ms from the saccade, we can be confident that our landmark shifts do not arise from perisaccadic mislocalization.
In addition to landmark-induced localization shifts, we also observed a general modulation of auditory localization by the execution of an eye movement, in the absence of any displacement of the visual landmark.
This resulted in a systematic shift of the remembered position of auditory targets in the opposite direction of the saccade and suggests that, although the perceptual system can accurately account for the intervening saccade during the localization of visual stimuli (Szinte and Cavanagh, 2011) , the execution of the eye-movement introduced biases into auditory localization. Previously, some auditory localization studies have reported little or no influence of an eye movement (Goossens and Opstal, 1999; Klingenhoefer and Bremmer, 2009; Vliegen et al., 2004) , others have shown substantial shifts in the opposite direction to the saccade (Krüger et al., 2016; Pavani et al., 2008) , suggesting that the existence of these eye-related auditory biases is highly sensitive to the specific experimental paradigm utilized. In particular, aspects of the design might influence an individual's priors at the decision-making stage (Grüsser, 1983; Lewald and Ehrenstein, 1998; Parise et al., 2011) .
Our results suggest that visual landmarks are used to calibrate not only visual but also auditory space across eye movements. The importance of vision for auditory space has been shown in both animal and human studies.
Raising owls with prismatic glasses leads to them developing systematic distortions in their auditory localization (Knudsen and Knudsen, 1985) , while depriving ferrets of all visual signals results in them developing highly disordered auditory spatial maps (King and Carlile, 1993) . Human studies using magnifying lenses have also shown systematic shifts in auditory spatial localization (Zwiers et al., 2003) . Furthermore, the single presentation of a misaligned audio and visual stimulus, perceived as originating from the same position, is sufficient to temporarily alter where subsequently presented unimodal auditory stimuli are localized (Wozny and Shams, 2011) . These studies, using visual adaptation methods, demonstrate the susceptibility of auditory space to a calibration by vision (King, 2009; Recanzone, 2009; Wozny and Shams, 2011) . In our results, without relying upon adaptation, we showed that the retinal error of a task-irrelevant visual landmark was able to shift auditory spatial representations on a trial-by-trial basis. While such a mechanism may appear to result in a decrease in the accuracy of spatial localization across a saccade, in typical viewing scenes in which the stable visual landmarks are indeed a reliable cue to space in the external world, this instead assists in the maintenance of a stable, multisensory perception of the surroundings.
Experimental procedures

Participants.
Eight students or staff of the LMU München (including one author) participated in the experiments. All participants had normal or corrected-to-normal vision, were naive as to the purpose of the study and received compensation of 10 Euros per hour of testing. The experiments were undertaken with the understanding and written consent of all participants and were carried out in accordance with the Declaration of Helsinki and the requirements of local ethics review board at LMU München for experiments involving eye tracking.
Setup.
Participants sat in a dark, sound-attenuated cabin, with their head both held steady with a chin and forehead rest across all trials. The cabin's walls, floor, ceiling, and all room furniture were covered with black soundabsorbing foam to eliminate acoustic reflections. The experiment was controlled by a Hewlett-Packard Intel Core i7 PC (Palo Alto, CA, USA) located outside the cabin. Manual responses were recorded via a standard keyboard.
The dominant eye's gaze position was recorded and available online using an EyeLink 1000 Desktop Mounted (SR Research, Osgoode, Ontario, Canada) at a sampling rate of 1000 Hz and equipped with an invisible 940 nm infrared illuminator to prevent the eye tracker to act as a visual reference. The experimental software controlling the display, the response collection as well as the eye tracking was implemented in Matlab (MathWorks, Natick, MA, USA), using the Psychophysics and EyeLink toolboxes (Brainard, 1997; Cornelissen et al., 2002; Pelli, 1997) . Stimuli were presented at a viewing distance of 114 cm on a custom-made audiovisual screen. Auditory signals were played from 23 speakers (0.75° radius, auditory stimuli) arranged on the horizontal meridian of the screen and located to the right and left side (at eccentricities of ±1.5°, ±3°, ±4.5°, ±6°, ±7.5°, ±9°, ±10.5°, ±12°, ±13.5°, ±15°, ±16.5°) of a central speaker (0°). Sounds were played via a 24 Input/Output sound card (MOTU, Cambridge, MA, USA) amplified by two PowerPlay Pro amplifiers (Behringer, Wellich, Germany). Visual signals were displayed by 49 red-LEDs (0.05° radius) which were controlled at 1000 Hz via an Arduino Due electronic board (Arduino, Turin, Italy). 23 of the LEDs (visual stimuli) were mounted on top of the 23 speakers and an additional 20 LEDs (visual landmark) mounted 1.5° above and below the eccentric landmark locations (at eccentricities of ±9°, ±10.5°, ±12°, ±13.5°, ±15°). The remaining 6 LEDs were mounted on the screen corners and at the top and bottom of the screen vertical meridian to facilitate the calibration of the eye tracker using a custom 9-point calibration pattern. A sound-transparent spandex screen covered the entire display to ensure that participants remained unaware of the hardware layout.
Procedure.
Once subjects were comfortably seated in the soundproof cabin (see Setup), each trial began with an initial fixation period of 500 ms during which the participant's gaze must remain within a 1.5° radius of the fixation target (central red LED) after which the visual landmark appeared. The visual landmark was composed of two vertically aligned LEDs (separated by 3°) located 12 degrees to the right or to the left of the screen center. Once the visual landmark had remained visible for 1000 ms the fixation target disappeared, indicating participants should saccade towards its center as quickly and accurately as possible (mean saccade latency: 226 ± 37 ms). Across trials, the visual landmark either stayed at the same position (20% of the trials) or was shifted as soon as a saccade was detected (80% of the trials) by either 1.5° or 3.0° inward or outward relative to the fixation target location.
Saccades were detected online as soon as the eye position crossed a 1.5°-radius virtual circle centered on the fixation target (14 ± 2 ms after saccade onset). Both before and after the saccade brief auditory or visual stimuli were presented. The first stimulus occurred 500 ms after the appearance of the visual landmark (~726 ms before saccade onset) at one of 5 positions surrounding the visual landmark (±9°, ±10.5°, ±12°, ±13.5°, ±15 relative to the screen center; see supplementary details). The second stimulus occurred 500 ms after the online detection of the saccade and was played at one of the 11 positions on the same side as the landmark (between 0° and 16.5° in steps of 1.5°) for the auditory condition. For the visual condition, due to the higher precision of localization for vision, the range was reduced to better focus trials around the relevant portion of the display (between 7.5° and 16.5° in steps of 1.5°). The average inter-stimulus duration interval between stimuli for both modalities was 1264 ± 76 ms and pre-and post-saccadic stimuli were both separated by at least 450 ms from the saccade. The preand post-saccadic stimuli could either be a visual (50 ms illumination of a red LED) or auditory (50 ms broadband Gaussian white noise with a 5 ms raised cosine ramp for onset and offset). At the end of each trial, participants reported whether the second stimulus was played to the left or to the right of the first stimulus via the keyboard.
Participants completed approximately 1500 trials with a 12° saccade in the auditory condition and 1000 trials with a 12° saccade in the visual condition, separated into blocks of 100 trials. In each block trials with fixation breaks or incorrect saccades were immediately discarded and repeated at the end of each block in a random order. Participants performed these blocks over 2 to 3 experimental sessions of approximately 120 minutes (including breaks). Further offline analysis of eye movements resulted in the exclusion of 12% of trials in saccade conditions due to blinks, fixation errors, or incorrect saccades. Before performing the saccade task, participants took part in an additional auditory localization at fixation task. This ensured all participants could reliably localize the auditory stimuli. The procedure was identical to that of the saccade task (outlined above) except that participants were required to maintain their fixation throughout the experiment and the visual landmark was never shifted (see Supplementary Material) . For each fixation condition participants performed 10 blocks of 100 trials (with trials repeated when online errors were detected repeated) over 2 to 3 experimental sessions of 120 minutes (including breaks) for a total of 1000 trials in each condition. All participants completed the fixation task before starting the saccade task. Additional offline analysis of eye movements resulted in the exclusion of 2% of fixation trials due to blinks, or to fixation errors not detected online.
Data pre-processing.
Eye-position data was further processed offline. Saccades were detected based on their velocity distribution (Engbert and Mergenthaler, 2006 ) using a moving average over twenty subsequent eye position samples.
Saccade onset was detected when the velocity exceeded the median of the moving average by 3 SDs for at least 20 ms. We included trials if a correct fixation was maintained within a 1.5° radius centered on fixation target (all tasks), if a correct saccade started at fixation target and landed within a 2.5° radius centered on visual landmark (saccade tasks only), and if no blink occurred during the trial (all tasks).
Behavioral data analysis.
For each individual participant, and condition, we computed the accuracy and precision with which changes in the location of the pre-and post-saccadic stimuli could be discriminated. Accordingly, the parameters of interest were the point of subjective quality (PSE)-the location at which the second stimulus was equally likely to be reported as originating either to the left or right of the first stimulus-and the just noticeable difference (JND), which indexes of the precision of stimulus localization. To do this we estimated participant-level parameters using a generalized linear mixed-effects model (GLMM) with a probit link function. Specifically, for the ). This hierarchical structure constrains the dispersion in the participant-level estimates by shrinking larger estimates towards the group mean, thus mitigating the effect of extreme data points on measures of central tendency. Estimation of subject-level parameters were conducted using the lme4 package (Bates et al., 2015) in R (R Core Team, 2018). Additionally, we determined the strength of the landmark effect as the ratio of the localization bias to the magnitude of the visual landmark displacement.
For each experiment, all statistical tests were performed on the participant-level estimates. To examine whether there were any reliable changes in performance across conditions we used linear mixed-effects models (LMM) which were implemented using the afex package (Singmann et al., 2016) in R (R Core Team, 2018). All analyses assumed a full random-effects structure that included both by-participant random intercepts and slopes.
However, owing to the random effects structure, conventional statistical tests on the fixed-effect coefficients cannot be straightforwardly applied. This is because the null distribution for the model parameters and test statistics are typically unknown, and thus require an approximation, or simulation-based approach, to test model effects. Accordingly, all inferential tests applied Satterthwaite's method to approximate the degrees of freedom for both t and F tests, which can result in non-integer degrees of freedom. The method calculates the effective, or pooled, degrees of freedom (which can often return non-integer degrees of freedom) and have been shown to provide more robust p-values than likelihood-ratio tests (Kuznetsova et al., 2017) . Excerpts of the key analysis performed are shown in the supplementary tables (Table S1-S6).
Supplementary Material
Auditory localization at fixation
Participants initially performed a fixation version of the auditory localization task in which they maintained fixation throughout the entire trial at either the central fixation target (0°; central fixation) or at the location of the saccade target (±12°; eccentric fixation). During central fixation, when head and eye-gaze were aligned, participants localized auditory stimuli both accurately (BIAS = 0.17 ± 0.24°; t(7) = 0.69; p = 0.51) and precisely (JND = 3.46± 0.18°). Participants post-saccadic PSE reliably changed with the pre-saccadic location (SLOPE = 0.86 ± 0.03°; t(31.54) = 25.17; p < 0.01), although the slope deviated from unity (t(31.54) = -4.1; p < 0.01), indicating a slight range compression (i.e. regression towards the mean).
In contrast, when the head and eye-gaze were misaligned during eccentric fixation, participants localized auditory stimuli with a slight bias towards the central heading direction (BIAS = -0.75 ± 0.21°; t(7.02) = -3.64; p = 0.01). This effect was found to be predominantly driven by the most eccentric first stimulus locations (from 7.5 to 16.5°: -0.50 ± 0.21°; -0.13 ± 0.31°; -0.80 ± 0.33°; -0.47 ± 0.35°; -1.15 ± 0.37°; -1.32 ± 0.41°; -1.91 ± 0.44°). As with central fixation, post-saccadic PSE reliably changed with the pre-saccadic location (SLOPE = 0.76 ± 0.04°; t(7.67) = 17.08; p < 0.01) and showed a slight range compression (t(7.67) = -5.32; p < 0.01).
Additionally, participants' auditory localization precision did not significantly differ (diff = 0.46 ± 0.20; t(7) = 2.54; p = 0.12) between peripheral (JND = 3.00 ± 0.23°) and central (3.46 ±0.18°) fixation conditions. Furthermore, for both central (SLOPE = -0.01 ± 0.04; t(7) = 0.2; p = 0.85) and peripheral (SLOPE = -0.01 ± 0.04; t(7) = -0.2; p = 0.85) fixation, there was no variance in JND across pre-saccadic standard locations.
Several behavioral studies have also shown that static discrepancies between eye-head reference frames can result in localization shifts for both visual (Harris and Smith, 2008; Kopinska and Harris, 2003; Lewald and Ehrenstein, 1998; Rossetti et al., 1994; Wexler, 2003) and auditory stimuli (Lewald and Ehrenstein, 1998, 1996; Weerts and Thurlow, 1971 ). In general, these studies have suggested that a discrepant eye-head alignment induces small (~3°) localization biases in the opposite direction of eye-gaze (Pavani et al., 2008) . Despite using a substantially less extreme discrepancy between eye gaze and head direction, our results support these previous findings with the difference between central and eccentric fixation conditions as a proportion of eccentricity (-0.46° with a 12° discrepancy; 3.8%) broadly resembling other studies (-3.1° with a 45° discrepancy; 6.9%; (Lewald, 1998) ). 
